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1  | INTRODUC TION
Life‐history	 theory	 predicts	 that	 organisms	 resolve	 trade‐offs	 be-
tween	 current	 and	 future	 reproduction	 differently	 depending	 on	
ecology	 (Saether,	 1988;	 Stearns,	 1992;	Williams,	 1966).	 This	 may	
cause	 variation	 in	 life	 histories	 along	 a	 pace‐of‐life	 (POL)	 slow‐to‐
fast	 continuum	 (Ricklefs	&	Wikelski,	 2002).	 Comparative	 research	





populations	 (Dammhahn,	 Dingemanse,	 Niemelä,	 &	 Reale,	 2018;	
Réale	et	al.,	2010).	Research	concentrates	on	‘risky	behaviours’	(e.g.	
aggressiveness,	 anti‐predator	 boldness,	 exploration)	 that	 facilitate	
resource	acquisition	at	the	cost	of	reduced	 life	span	and	may	thus	














reproductive	 value	 is	 decreased	 versus	 increased	 (Bateson,	Brilot,	
Gillespie,	Monaghan,	&	Nettle,	2015;	Nicolaus	et	al.,	2012).	Various	
studies	have	already	demonstrated	that	bold	individuals	‘live	fast	but	
die	 young’,	 confirming	 POLS‐theoretical	 predictions	 (reviewed	 by	
Réale	et	al.,	2010;	Royaute,	Berdal,	Hickey,	&	Dochtermann,	2018;	
Smith	&	Blumstein,	2008).	Other	 studies,	by	 contrast,	 report	 zero	























&	 Blomqvist,	 2015),	 while	 bold	 fish	 also	 have	 shorter	 telomeres	
in	 the	 wild	 (Adriaenssens,	 Pauliny,	 Blomqvist,	 &	 Johnsson,	 2016).	
The	 hypothesized	 integration	 of	 reproductive	 senescence	 as	 part	
of	 a	 POLS	 predicts	 individuality	 in	 age‐dependent	 reproduction	
within	populations,	for	which	ample	evidence	exists	(e.g.	Brommer,	
Rattiste,	 &	Wilson,	 2010;	 Brommer,	Wilson,	 &	 Gustafsson,	 2007;	
Evans,	 Gustafsson,	 &	 Sheldon,	 2011).	 It	 further	 predicts	 that	 fast	
life	histories	are	associated	with	earlier	reproductive	senescence,	as	
demonstrated	by	among‐species	comparisons	(Jones	et	al.,	2008).
By	 contrast,	 few	 studies	 investigated	 whether	 among‐individ-
ual	 differences	 in	 risky	 behaviour	 covary	with	 age‐dependent	 re-
production	(Patrick	&	Weimerskirch,	2015;	Réale,	Martin,	Coltman,	
Poissant,	 &	 Festa‐Bianchet,	 2009).	 Importantly,	 associations	 be-
tween	reproduction	and	age	result	from	two	distinct	processes	(van	
de	Pol	&	Verhulst,	2006).	Reproduction	varies	with	age	within indi‐
viduals,	 first,	 due	 to	 age‐related	 plasticity,	 and	 second,	 due	 to	 se-
lective	 (dis)appearance	of	 low‐	versus	high‐quality	 individuals.	 For	
example,	 individuals	 producing	 large	 clutch	 sizes	 throughout	 their	
lives	 (‘high‐quality’	 individuals)	 may	 also	 start	 reproducing	 when	
young,	or	have	a	 long	reproductive	 life.	The	hypothesized	 integra-
tion	of	risky	behaviour	and	age‐dependent	reproduction	posits	that	
within‐individual	 age‐related	 plasticity	 varies	 among	 behavioural	
types,	 requiring	 approaches	 that	disentangle	within‐	 from	among‐
individual	age	effects	(van	de	Pol	&	Verhulst,	2006).	Similarly,	risky	
behaviours	 differ	 among	 individuals	 (Bell,	 Hankison,	 &	 Laskowski,	
2009;	 Holtmann,	 Lagisz,	 &	 Nakagawa,	 2017)	 but	 simultaneously	
exhibit	 within‐individual	 age‐dependent	 plasticity	 (Araya‐Ajoy	 &	
Dingemanse,	 2017;	 Brommer	 &	 Class,	 2015;	 Class	 &	 Brommer,	
2016;	 Fisher,	David,	 Tregenza,	&	Rodriguez‐Munoz,	 2015;	 Patrick,	
Charmantier,	&	Weimerskirch,	2013).	Repeated	measures	are	 thus	
required	 to	 estimate	 relationships	 between	 individual‐level	 be-






whether	 they	 suffered	greater	 reproductive	 senescence.	We	used	
a	 descriptive	 approach,	 acknowledging	 that	 experimental	 studies	























dividual	 age	 dependency	 of	 reproduction	 as	 a	 function	 of	 explor-
atory	behaviour.	Our	repeated	measures	design	enabled	estimating	
relationships	 between	 individual‐level	 behaviour	 and	 reproductive	
senescence	while	avoiding	bias	caused	by	within‐individual	plasticity	
(Niemelä	&	Dingemanse,	2018a,	2018b).















2013;	Stuber	et	al.,	2013).	Briefly,	 the	 subject's	behaviour	was	 re-
corded	 for	2	min	with	a	camera	placed	1.5	m	 in	 front	of	 the	cage	









morphological	 traits	 were	 measured	 for	 all	 nestlings	 alive.	 Boxes	
were	 inspected	 every	 second	 day	 from	 day	 19	 onwards	 to	 deter-
mine	 fledgling	 number.	 Outside	 the	 breeding	 season,	 boxes	 were	
inspected	at	night	(once	or	twice	per	winter),	and	roosting	individu-
als	captured	and	ringed	(Abbey‐Lee,	Mathot,	&	Dingemanse,	2016;	
Mathot,	 Nicolaus,	 Araya‐Ajoy,	 Dingemanse,	 &	 Kempenaers,	 2015;	
Stuber	et	al.,	2013);	 the	exploration	 test	 in	 the	cage	was	not	con-
ducted	at	this	time.
2.2 | Statistical analyses
We	 first	 produced	 a	 base	 model	 estimating	 population‐average	
within‐individual	 age	 effects,	 and	 the	 population‐average	 age	 of	
peak	 performance,	 for	 key	 determinants	 of	 reproductive	 success	
(n	=	1,209)	of	‘first	clutches’	(clutches	initiated	within	30	days	after	
the	first	clutch	of	the	year	was	found;	van	Noordwijk,	McCleery,	&	
Perrins,	1995).	We	 focused	on	clutch	 size,	 average	offspring	body	
mass	at	day	14	and	number	of	offspring	fledged.	Visual	 inspection	
of	 raw	data	 and	 residuals	 of	models	 (detailed	below)	 showed	 that	
traits	were	sufficiently	normally	distributed;	however,	for	fledgling	
number	 this	was	only	 so	when	excluding	 first	 broods	 failing	 com-
pletely	(n	=	315	of	1,209	nests;	26%)	(Appendix	S1).	We	therefore	
studied	variation	in	fledgling	number	by	analysing,	first,	the	binary	








strongly	 supported	 (Appendix	 S2,	 Table	 S2).	 The	 subset	 of	 nests	




tion	 (Bouwhuis,	 Sheldon,	 Verhulst,	 &	 Charmantier,	 2009),	 could	
not	be	used	because	our	 study	 setup	 (small	 nest	 box	plots	within	
larger	patches	of	suitable	habitat)	resulted	in	little	local	recruitment	




parameters	 (like	clutch	size)	are	 repeatable	with	 respect	 to	 female	
but	not	male	 identity	 (Araya‐Ajoy	et	al.,	2016).	As	our	primary	 in-
terest	was	in	analysing	effects	of	repeatable	(i.e.	among‐individual)	
differences	of	exploratory	behaviour,	we	 thus	 focussed	on	 female	
breeders	throughout.
2.2.1 | Defining age categories





90%).	 Absolute	 age	 could	 also	 be	 determined	 for	 unringed	 birds	
identified,	based	on	plumage	characteristics,	as	1‐year‐olds	(n = 529 









Following	 Bouwhuis	 et	 al.	 (2009),	 statistical	 analyses	 fitted	 linear	
and	quadratic	age	to	simultaneously	model	pre‐peak	improvements	
and	 post‐peak	 declines	 in	 reproduction.	 All	 analyses	 also	 fitted	
‘first	observed	age’	and	‘last	observed	age’	of	reproduction	to	con-
trol,	respectively,	for	selective	appearance	and	disappearance	from	
the	 dataset	 of	 birds	 differing	 in	 average	 annual	 reproductive	 per-
formance;	 this	 avoids	 biases	 in	 estimates	 of	 within‐individual	 age	
effects	(van	de	Pol	&	Verhulst,	2006).	First	observed	age	of	repro-
duction,	 determined	 using	 breeding	 season	 and	 roosting	 captures	































ter	 three	 random	effects	 controlled,	 respectively,	 for	 unmeasured	
spatial,	temporal	and	spatiotemporal	environmental	effects	(Araya‐
Ajoy	&	Dingemanse,	2017;	Araya‐Ajoy	et	al.,	2016).	We	further	con-
trolled	 for	 brood	 size	manipulations	 conducted	 in	 2010	 and	 2011	












For	 any	 reproductive	 trait	 with	 statistical	 evidence	 (defined	
below)	 for	 quadratic	 within‐individual	 age	 effects,	 we	 also	 esti-













binary	variable	 ‘pre‐peak’	 (coded	 ‘0’	 for	post‐peak	ages	and	 ‘1’	 for	
pre‐peak	ages)	and	(b)	the	interaction	between	linear	age	and	pre‐
peak.	The	main	effect	of	age	in	this	post	hoc	model	represents	the	








in	 non‐failed	 broods),	 pre‐	 versus	 post‐peak	 effects	 of	 age	 (which	
our post hoc	model,	detailed	above,	estimated	independently)	were	
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TA B LE 1 Sources	of	variation	in	clutch	size,	number	and	average	mass	of	fledglings	(for	nests	producing	any	fledglings),	and	exploratory	behaviour
Fixed effects
Clutch size No. of fledglings Fledgling mass Exploratory behaviour
Count Count Grams Count (No. of hops)
β (95% CI) β (95% CI) β (95% CI) β (95% CI)
Intercepta 8.14	(7.8,	8.48) 5.36	(4.66,	6.04) 15.13	(14.5,	15.76) 70.11	(66.6,	73.64)
Linear	age 0.35	(0.17,	0.54) 0.41	(0.07,	0.77) 0.06	(−0.23,	0.37) −3.89	(−7.05,	−0.79)
Quadratic	age −0.08	(−0.13,	−0.03) −0.14	(−0.24,	−0.05) −0.01	(−0.08,	0.07) −0.05	(−0.85,	0.76)
First	age −0.13	(−0.39,	0.14) −0.01	(−0.34,	0.32) 0.2	(−0.1,	0.52) 5.53	(1.98,	9.16)
Last	age −0.02	(−0.14,	0.09) 0.04	(−0.1,	0.18) 0	(−0.13,	0.13) −0.04	(−1.52,	1.52)
BSM:	control	(0) NA 0.13	(−0.49,	0.78) −0.38	(−0.95,	0.17) 2.36	(−3.61,	8.35)
BSM:	enlarged	(+3) NA 1.44	(0.79,	2.06) −0.59	(−1.12,	−0.07) −1.77	(−7.31,	3.83)
BSM:	reduced	(−3) NA −1.34	(−1.96,	−0.73) −0.48	(−1.01,	0.03) 0.88	(−4.75,	6.78)
Random effects σ2 (95% CI) σ2 (95% CI) σ2 (95% CI) σ2 (95% CI)
Individual 1.48	(1.36,	1.61) 0.22	(0.19,	0.26) 0.43	(0.37,	0.49) 143.75	(129.3,	159.83)
Plot	×	Year 0.04	(0.03,	0.05) 0.26	(0.19,	0.35) 0.33	(0.24,	0.43) 0.78	(0.55,	1.04)
Plot 0.07	(0.03,	0.12) 0.24	(0.09,	0.46) 0.21	(0.09,	0.39) 13.53	(5.2,	25.58)
Year 0.14	(0.08,	0.24) 0.77	(0.34,	1.46) 0.59	(0.27,	1.09) 11.29	(4.14,	23.38)
Residual 0.83	(0.76,	0.9) 3.02	(2.75,	3.31) 2.23	(2.04,	2.44) 275.99	(253.82,	298.84)
Adjusted Repeatability r (95% CI) r (95% CI) r (95% CI) r (95% CI)
Individual 0.58	(0.55,	0.61) 0.05	(0.04,	0.06) 0.11	(0.1,	0.13) 0.32	(0.3,	0.35)
Plot	×	Year 0.02	(0.01,	0.02) 0.06	(0.04,	0.08) 0.09	(0.06,	0.11) 0	(0,	0)
Plot 0.03	(0.01,	0.05) 0.05	(0.02,	0.1) 0.06	(0.02,	0.1) 0.03	(0.01,	0.06)
Year 0.06	(0.03,	0.09) 0.17	(0.08,	0.28) 0.15	(0.08,	0.26) 0.03	(0.01,	0.05)
Residual 0.32	(0.3,	0.35) 0.67	(0.58,	0.75) 0.59	(0.52,	0.65) 0.62	(0.59,	0.65)
Peak performance β (95% CI) β (95% CI) β (95% CI) β (95% CI)
Trait	value	at	peakb 8.56	(8.14,	8.98) 5.67	(4.9,	6.44) NA NA
Age	at	peakc 3.4	(2.66,	4.68) 2.4	(1.5,	3.16) NA NA
Pre‐/post‐peak 
analysis β (95% CI) β (95% CI) β (95% CI) β (95% CI)
Pre‐peak	age	effectd 0.2	(0.08,	0.32) 0.36	(0.01,	0.72) NA NA
Post‐peak	age	effecte −0.24	(−0.6,	0.13) −0.51	(−0.89,	−0.12) NA NA
Sample sizes n n n n
Plot	Year 84 84 84 84
Plot 12 12 12 12
Year 7 7 7 7
Individual 813 625 671 791
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tion	with	 each	 of	 the	 four	 age	 variables	 (i.e.	 age,	 age	 squared,	











assessed	 by	 visual	 inspection	 of	 the	 residuals	 (see	 Appendix	 S1).	
Based	 on	 5,000	 simulations,	 we	 extracted	 the	 95%	 CIs	 (Gelman	





estimate	was	 skewed	away	 from	zero	while	 its	95%	CI	 simultane-











































(Figure	 2b)	 age	 centred	 on	 zero.	 Consequently,	 the	 50%	 slowest	
explorers	produced	moderate‐sized	clutches	 throughout	 their	 re-


























TA B L E  2  Effects	of	individual	exploratory	behaviour	on	within‐individual	age	dependency	of	reproductive	traits:	clutch	size,	and	number	
and	average	mass	of	fledglings	(for	nests	producing	any	fledglings)
Fixed effects
Clutch size No. of fledglings Fledgling mass
Count Count Grams
β (95% CI) β (95% CI) β (95% CI)
Intercept 8.15	(7.82,	8.49) 5.34	(4.62,	6.05) 15.14	(14.52,	15.75)
Linear	age 0.31	(0.12,	0.49) 0.37	(−0.01,	0.74) 0.1	(−0.21,	0.42)
Quadratic	age −0.06	(−0.11,	−0.01) −0.12	(−0.22,	−0.02) −0.02	(−0.1,	0.06)
First	age −0.11	(−0.38,	0.17) 0	(−0.36,	0.35) 0.17	(−0.13,	0.48)
Last	age −0.03	(−0.14,	0.09) 0.04	(−0.11,	0.18) −0.01	(−0.13,	0.12)
BSM:	control	(0) NA 0.27	(−0.39,	0.93) −0.35	(−0.91,	0.22)
BSM:	enlarged	(+3) NA 1.49	(0.83,	2.14) −0.54	(−1.1,	0.01)
BSM:	reduced	(−3) NA −1.28	(−1.92,	−0.63) −0.43	(−0.98,	0.1)
Exploration −0.04	(−0.2,	0.12) 0.08	(−0.13,	0.31) 0.01	(−0.18,	0.2)
Exploration	×	Linear	age 0.15	(0,	0.3) 0.05	(−0.24,	0.37) −0.08	(−0.35,	0.18)
Exploration	×	Quadratic	age −0.05	(−0.09,	−0.01) −0.04	(−0.11,	0.04) 0.02	(−0.05,	0.09)
Exploration	×	First	age −0.41	(−0.69,	−0.14) 0	(−0.33,	0.32) 0.26	(−0.03,	0.57)
Exploration	×	Last	age 0.08	(−0.01,	0.18) 0.01	(−0.11,	0.13) 0.02	(−0.09,	0.13)
Random effects σ2 (95% CI) σ2 (95% CI) σ2 (95% CI)
Individual 1.49	(1.37,	1.62) 0.23	(0.2,	0.26) 0.4	(0.35,	0.46)
Plot	×	Year 0.04	(0.03,	0.05) 0.26	(0.19,	0.35) 0.34	(0.25,	0.45)
Plot 0.07	(0.03,	0.12) 0.26	(0.1,	0.51) 0.19	(0.08,	0.37)
Year 0.14	(0.08,	0.24) 0.77	(0.35,	1.58) 0.53	(0.27,	1.03)
Residual 0.82	(0.76,	0.89) 3.01	(2.74,	3.32) 2.27	(2.07,	2.49)
Adjusted repeatability r (95% CI) r (95% CI) r (95% CI)
Individual 0.58	(0.55,	0.61) 0.05	(0.04,	0.06) 0.11	(0.09,	0.12)
Plot	×	Year 0.02	(0.01,	0.02) 0.06	(0.04,	0.08) 0.09	(0.07,	0.12)
Plot 0.03	(0.01,	0.05) 0.06	(0.02,	0.11) 0.05	(0.02,	0.09)
Year 0.05	(0.03,	0.09) 0.17	(0.09,	0.3) 0.14	(0.08,	0.24)
Residual 0.32	(0.3,	0.34) 0.66	(0.56,	0.74) 0.61	(0.53,	0.66)
Sample sizes n n n
Plot	Year 84 84 84
Plot 12 12 12
Year 7 7 7
Individual 791 610 655
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our	finding	of	personality‐related	age	dependency	of	clutch	size	was	
not	an	artefact	caused	by	lack	of	data	for	older	slow	explorers.




























F I G U R E  1  Box	plots	per	age	class	for	(a)	exploratory	behaviour,	(b)	clutch	size,	(c)	number	of	fledglings	(for	non‐failed	nests)	and	(d)	
average	fledgling	mass.	Plotted	are	residuals	from	a	model	controlling	solely	for	random	effects	listed	in	Table	1.	Separate	box	plots	for	birds	
with	first	observed	age	equal	to	one	year	old	versus	older
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Our	expanded	analyses	showed	that	first	observed	age	effects	were	
not	supported	for	birds	of	average	exploratory	behaviour	(main	effect	
of	 first	observed	age;	Table	2),	 echoing	 results	of	our	main	analyses	
(Table	1).	However,	there	was	strong	support	for	a	first	observed	age	
effect	to	decrease	with	increasing	exploratory	behaviour	(interaction	
first	 observed	 age	 ×	 exploratory	 behaviour;	 Table	 2).	 Inspection	 of	
the	raw	data	suggested	this	interaction	resulted	from	faster—but	not	




trade‐offs	 are	 resolved	 (Réale	 et	 al.,	 2010;	 Ricklefs	 &	Wikelski,	
2002;	Wolf	 et	 al.,	 2007).	 Adaptive	 theory	 predicts	 that	 aggres-
sive,	 bold	 or	 explorative	 individuals	 trade‐off	 future	 for	 current	
reproduction,	 leading	 to	 a	 faster	 pace‐of‐life	 (Dammhahn	 et	 al.,	
2018;	Mathot	&	Frankenhuis,	2018;	Réale	et	al.,	2010).	Previous	
tests	utilizing	 life	 span	as	a	proxy	 for	allocation	 to	 future	 repro-
duction	 failed	 to	 overall	 support	 pace‐of‐life	 syndrome	 (POLS)	




ing	with	 individual	 risky	behaviour.	Specifically,	 slower	explorers	
produced	moderate‐sized	clutches	throughout	their	reproductive	
lives,	 showing	 neither	 evidence	 for	 age‐related	 improvements	
when	 young	 nor	 evidence	 for	 age‐related	 declines	 when	 older	
(Figure	3a,c),	though	we	note	that	data	for	old	age	classes	were	not	
available	for	slower	explorers.	By	contrast,	over	the	same	range	of	
age	 classes	 as	 observed	 for	 slower	 explorers	 (1‐	 to	 4‐year‐olds),	





ized	annual	 fledgling	 success,	 if	 so,	unpredictable	environmental	
effects	diluted	personality‐related	differences	in	this	downstream	
reproductive	 trait	 (see	 also	 Hutfluss	 &	 Dingemanse,	 2019	 for	 a	
similar	 finding	 and	 further	 discussion).	 Overall,	 future	 studies	
should	 consider	 reproductive	 senescence	 as	 a	 key	 component	
of	 life	 history	 mediating	 personality‐related	 differences	 in	 how	
trade‐offs	between	current	and	future	reproduction	are	resolved.
First‐year‐olds	 produced	 moderate‐sized	 clutches	 regardless	
of	 exploration	 type.	 Faster	 explorers	 subsequently	 showed	 age‐
related	increases	in	clutch	size	that	lasted	until	they	were	3‐year‐
olds	 (Figure	 3b).	 The	majority	 of	 breeding	 records	 (93.3%)	were	
for	 birds	 breeding	 as	 1‐year	 (49.5%),	 2‐year	 (31.3%)	 or	 3‐year	
(12.5%)‐olds,	 implying	 that	 faster	 explorers	 produced,	 on	 aver-
age,	larger	clutches	than	slower	explorers	for	most	of	their	repro-
ductive	lives;	very	few	faster	explorers	thus	lived	long	enough	to	
experience	 reproductive	 declines	 at	 old	 age.	 Importantly,	 faster	
explorers	cannot	be	shown	to	not	have	a	shorter	life	span	in	this	
(Wischhoff	&	Dingemanse,	In	Preparation)	or	other	great	tit	pop-
ulations	 (Nicolaus	 et	 al.,	 2016).	 Slower	 explorers	 thus	 differed	
from	faster	ones	in	two	important	ways.	First,	only	faster	explor-
ers	showed	 (nonlinear)	age‐related	 increases	 in	clutch	size,	 likely	




ing	 off	 with	 future	 reproduction,	 an	 assumption	 warranting	 ex-
perimental	 confirmation	 (Nicolaus	 et	 al.,	 2015),	 the	 moderately	
supported	 evidence	 for	 reproductive	 senescence	 among	 faster	
explorers	may	 imply	 that	 they	paid	 the	costs	of	 reproduction	by	
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expressed	 repeatedly	 (e.g.	 clutch	 size)	 (Araya‐Ajoy	 et	 al.,	 2018).	
We	therefore	need	to	be	somewhat	cautious	in	interpreting	pub-
lications	 failing	 to	 recover	 patterns	 of	 reduced	 longevity	 among	
faster	explorers	from	empirical	data.






peatable	 in	 reproductive	 traits;	 individuals	 of	 superior	 ‘quality’	 (de-
fined	 statistically	 as	 females	 with	 high	 intercepts	 for	 reproductive	











A	 first	 observed	 age	 effect	 explained	 variation	 in	 exploratory	
behaviour	 (Table	 1;	 Figure	 1a).	 Specifically,	 females	 first	 breeding	
as	1‐year‐olds	were	slower	than	females	first	breeding	at	older	ages	
(Figure	 1a).	 We	 offer	 two	 potential	 explanations.	 First,	 faster	 (vs.	






age	 (=experience;	 see	Methods)	 within	 individual	 females,	 implying	










experience	 rather	 than	 age	 per	 se:	 ‘late’	 recruiting	 faster	 explorers	





In	 summary,	 while	 we	 did	 not	 find	 convincing	 evidence	 for	
selective	 (dis)appearance,	 we	 did	 learn	 that	 controlling	 for	 first	
observed	 age	 of	 reproduction	 provided	 a	 means	 to	 statistically	
control	 for	 individual	 differences	 in	 age‐related	 experience.	 For	
example,	 it	 enabled	 us	 to	 conclude	 that	 the	 smaller	 clutch	 sizes	
produced	by	 faster	explorers	 recruiting	at	 an	older	age	were	ex-
pected	based	on	increases	in	clutch	size	with	breeding	experience.	
Moreover,	 exploratory	 behaviour	 varied	 with	 age	 and/or	 expe-
rience	 within	 individuals,	 implying	 that	 our	 concerns	 regarding	
effects	 of	 within‐individual	 plasticity	 biasing	 estimates	 of	 per-
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